Background: Engagement of CD80/CD86 on dendritic cells by CD28 on T cells induces dendritic cell production of IL-6 and IDO. Results: The NOTCH pathway modulates activation of the PI3K pathway downstream of CD80/CD86 ligation and regulates IL-6 and IDO production. Conclusion: Cross-talk between NOTCH and PI3K pathways modulates dendritic cell production of IL-6 and IDO. Significance: Elucidating the molecular mechanism of NOTCH-PI3K cross-talk will have broad implications in human disease.
CD80/CD86 are not merely ligands but are also capable of signaling. In this context, it has been shown that cross-linking CD80/CD86 by CD28 induced DC production of IL-6 (5) , which is required for full T cell activation (6, 7) . Conversely, it has also been shown that ligation of CD80/CD86 by CTLA4 (a receptor belonging to the CD28 superfamily) results in the production of indoleamine 2,3-dioxygenase (IDO), which catabolizes the essential amino acid tryptophan to L-kynurenine, resulting in inhibition of T cell activation (8 -10) .
In comparison with T cell CD28 signaling, substantially less is known about CD80/CD86 signaling, especially in human DC. Constraining the understanding of CD80/CD86 signaling is that these membrane proteins have cytoplasmic tails that do not have demonstrated binding domains for other signaling molecules (with the exception of the binding of the prohibitin adaptor proteins to the CD86 tail in B cells (11) ). Previous studies have demonstrated that p38 MAPK and NF-B are activated upon CD80/CD86 ligation in murine splenic DC IL-6 production (5) and in another study that the transcription factor FOXO3A regulated IL-6 production (12) . However, whether p38 MAPK, NF-B, and FOXO3A regulate or coordinate with each other in an integrated signaling pathway in CD80/CD86induced DC IL-6 production is unknown.
In addition to playing a central role in T cell activation, IL-6 is also a major growth/survival factor for both normal and malignant plasma cells (e.g. multiple myeloma (MM)) (13, 14) . We and others have previously found that normal plasma cells (PC) and myeloma cells express CD28 and that activation of PC/MM CD28 by CD80/CD86 ϩ DC transduced a major pro-survival signal to the PC/MM (15, 16) . Furthermore, we found that PC/MM CD28-mediated CD80/CD86 cross-linking also induced DC IL-6 production (15, 16) , similar to what has been reported for T cells. Paralleling these observations, it has been reported that the NOTCH-JAGGED receptor-ligand pair is also involved in myeloma-induced stromal IL-6 production (17) . Thus, the importance of DC IL-6 production for both T cell activation and PC/MM survival led us to characterize how CD80 and CD86 were inducing IL-6 production, whether NOTCH1 signaling was involved, and whether IDO production was regulated through the same pathways.
EXPERIMENTAL PROCEDURES
Mice, Cell Cultures, and Flow Cytometric Analysis-Female C57BL/6J (WT) mice were purchased from The Jackson Laboratory at 5-6 weeks of age. Upon receipt, animals were housed at the Division of Laboratory Animal Resources (Roswell Park Cancer Institute) in a pathogen-free facility. All animal experiments were approved by the Roswell Park Cancer Institute Institutional Animal Care and Use Committee. Murine bone marrow mononuclear cells were differentiated as described previously (15) to obtain BMDC and were analyzed by flow cytometry for CD40, CD80, CD86, CD11b, CD11c, MHC I, and MHC II (all antibodies were conjugated to phycoerythrin and purchased from BioLegend) expression using FACSCalibur II (15) . Data were analyzed using the FCS Xpress software.
Antibodies and Reagents-Antibodies for detecting p85, NOTCH1intracellularfragment(NICD),JAGGED2,phosphorylated AKT (Thr-308), phosphorylated and total amounts of FOXO3A and PTEN, and PIN1 were purchased from Cell Signaling Technology. Pan-AKT antibody was purchased from R&D Systems, and the IDO antibody was purchased from Millipore. The anti-NRR1 antibody that blocks NOTCH1 signaling was obtained from Genentech under a material transfer agreement. The ␥-secretase inhibitor DAPT, PI3K inhibitor LY-294002, and NF-B inhibitor Bay-11-7082 were purchased from Calbiochem and used at 50 M. The AKT inhibitor II used at 2.5 M and the casein kinase II inhibitor IV used at 50 g/ml were both purchased from Calbiochem. All inhibitors were added to DC cultures for 2 h before the addition of CD28-Ig. CD28-Ig was purified from spent medium of COS-7 cells transfected with plasmids expressing CD28-Ig (gift from Peter S. Linsley, AVI Biopharma, Inc.) and was used at 10 g/ml.
Culture and Flow Cytometry of Human Mo-DC-Monocytes were purified from normal human blood obtained under protocols approved by the Institutional Review Board of Roswell Park Cancer Institute, as described previously (16) . They were differentiated to human DC in RPMI 1640 media with GM-CSF (10 ng/ml, Sigma) and IL-4 (1000 units/ml, R&D Systems) for 7 days and were analyzed for expression of CD14, CD11b, CD11c, CD80, CD83, CD86, CD1a, MHC I, and MHC II (all conjugated to PE, Beckman Coulter). Cells were stained with anti-NOTCH1 antibody (clone A6, Thermo Scientific) or anti-JAGGED2 (N-19, Santa Cruz Biotechnology). Goat anti-mouse secondary antibody-PE (Jackson ImmunoResearch) was used to detect NOTCH1, and goat anti-rabbit FITC was used to detect JAGGED2.
T Cell Proliferation Assay-T cell proliferation assay was performed as described previously (18) . Briefly, normal human T cells (2 ϫ 10 5 cells/well) were cultured with human DC (7 ϫ 10 5 cells/well) that were immature or matured with LPS (10 ng/ml) for 72 h. This was followed by addition of [ 3 H]thymidine (purchased from PerkinElmer Life Sciences) for 18 h to assess T cell proliferation.
DC-Jurkat Cocultures-DC (7 ϫ 10 5 cells/well) were cultured in medium alone, with 50 M DAPT, or were transfected with scramble siRNA/NOTCH1 siRNA. After 24 h, DC were further cultured alone or with Jurkat cells (2 ϫ 10 5 cells/well) that were untransfected or transfected with scramble/JAGGED2 siRNA.
ELISA for IL-6, IL-23, and IFN-␥-Cell culture supernatants from DC cultured in medium, CD28-Ig, or the indicated inhibitors were collected after 4 h and were assayed by ELISA to detect IL-6 as described previously (16) . IL-23 and IFN-␥ was detected using supernatants of cells cultured for 48 h. Briefly, ELISA plates coated with the IL-6 capture antibody were blocked with 1% BSA and incubated with culture supernatants. This was followed by incubation with the IL-6 detection antibody, and streptavidin-HRP was added. IL-6 was measured based on a colorimetric reaction at 450 nm. ELISA reagents for IL-6 were purchased from R&D Systems, and reagents for IL-23 and IFN-␥ were purchased from eBioscience.
Quantitative-Real Time PCR-Total RNA that was isolated using TRIzol LS reagent (Invitrogen), as per the manufacturer's instructions, was used to generate cDNA (iScript cDNA synthesis, Bio-Rad), as per the manufacturer's protocol. Gene expression was determined using CK II-specific primers (for-ward, 5Ј-AGCGATGGGAACGCTTTGTCC-3Ј, and reverse, 5Ј-CATCCCAAGGGGGTTGGCAGC-3Ј) using quantitative-PCR (Bio-Rad). Data are represented as fold change relative to untreated DC, normalized to actin.
Reverse Transcriptase PCR (RT-PCR)-Extraction of RNA and synthesis of cDNA were performed as described above. Gene expression was determined using gene-specific primers as follows: HES-1: forward, 5Ј-AAACCCTCAGCACTT-GCTC-3Ј, and reverse, 5Ј-TCACCTCGTTCATGCACTC-3Ј; CK-II: forward, 5Ј-AGCGATGGGAACGCTTTGTCC-3Ј, and reverse, 5Ј-CATCCCAAGGGGGTTGGCAGC-3Ј); FOXO3A: forward, 5Ј-CGGCGGCGGGCTGTCTC, and reverse, 5Ј-AGTGGGCGATGGCTGGGATGG; and PIN1: forward, 5Ј-CTGATCAACGGCTACATCCA-3Ј, and reverse, 5Ј-TCA-AATGGCTTCTGCATCTG-3Ј using RT-PCR (Eppendorf AG). Data are represented as relative change in mRNA expression to actin.
Western Blot-Western blot analysis was performed as described previously (19) . Briefly, cells were lysed in RIPA buffer, and the amount of protein was quantified using Bradford reagent (Bio-Rad). SDS-PAGE was performed, and membranes were probed with the indicated antibodies. Secondary antibodies were obtained from Promega.
siRNA Knockdown-DC were transfected with siRNA for p85, AKT1, NOTCH1, JAGGED-2, or PIN1 (ON-TARGET SMARTpool, Thermoscientific) using the human dendritic cell transfection kit from Lonza as per the manufacturer's instructions. Scramble siRNA was used as control. After 24 h, DC were cultured ϩ/Ϫ CD28-Ig (10 g/ml) for an additional 24 h. Cell supernatants were collected to perform ELISA for IL-6, and cell lysates were used to perform Western blots to detect the percentage of knockdown of the protein of interest. Jurkat cells were transfected with siRNA for JAGGED2 or scramble siRNA using the Lipofectamine kit (Invitrogen) as per the manufacturer's instructions. After 24 h, a second transfection was performed to sustain the knockdown of JAGGED2, and the cells were further cultured for 24 h. The transfected cells were then cocultured with DC. Densitometry was performed to quantify the percentage of knockdown by using the ImageJ software.
Casein Kinase II Assay-DC were lysed in RIPA buffer containing 0.5% Nonidet P-40, followed by brief sonication. The lysates were used to assay enzyme activity by measuring the CK II substrate peptide (RRRDDDSDDD, provided in the enzyme activity kit, Millipore) phosphorylation by estimating the transfer of ␥-phosphate of [␥-32 P]ATP by the enzyme. The activity was measured using a luminescence counter (Microbeta Trilux from PerkinElmer Life Sciences), and data were represented as units/min/mg.
EMSA for NF-B Activity-EMSA was performed as described previously (19) . Briefly, cells were lysed in RIPA buffer, and the lysates were incubated in a mixture containing Buffer D, dIdC, and BSA. This was followed by incubation with 32 Plabeled primer containing consensus NF-B-binding sites (5Ј-GATCCAACGGCAGGGGAATTCCCCTCTCCTTA-3Ј). For supershift assay, anti-p50 or anti-p65 (Santa Cruz Biotechnology) antibodies were added to the lysates. Samples were run on a 4% polyacrylamide gel and transferred to a filter paper. The dried gel was exposed to an x-ray film overnight at Ϫ80°C.
IDO Activity Assay-DC (1 ϫ 10 5 cells/well) were cultured with IFN-␥ (1000 units/ml) in media containing 100 mM tryptophan for 2.5 h followed by addition of CTLA4-Ig (50 g/ml) or CD28-Ig (50 g/ml) and the indicated inhibitors. After 48 h, cell culture supernatants were assayed for L-kynurenine levels as a readout of IDO activity that was measured based on a colorimetric reaction at 490 nm.
Statistical Analysis-Student's t test was performed for statistical analysis using a two-tailed, equal variance test.
RESULTS
Ligation of CD80 and/or CD86 on DC Induces IL-6 Expression via Activation of PI3K/AKT Pathway-In these studies, we examined DC differentiated from primary human monocytes treated with GM-CSF ϩ IL-4. These Mo-DC expressed characteristic DC markers and were immature as indicated by the absence of the maturation marker CD83 and also by low/medium expression of other maturation markers CD40 and MHC II ( Fig. 1A ). They were capable of driving T cell proliferation (the functional hallmark of DC), and this was significantly increased if they were matured by the addition of LPS ( Fig. 1B) .
To elucidate the mechanism of CD80/CD86 signaling in DC, we used the recombinant fusion protein CD28-Ig (the extracellular domain of CD28 fused to the F c part of IgG1), which specifically binds CD80 and CD86 and elicits IL-6 production in murine DC (20) . We found that CD28-Ig significantly up-regulated IL-6 production by human Mo-DC compared with control IgG (Fig. 1C ). Addition of anti-CD80 or anti-CD86 mAb similarly induced IL-6 production, demonstrating that either CD80 or CD86 activation is sufficient to elicit full IL-6 production in Mo-DC (in contrast to what we (15) and others (5) have found for murine DC) ( Fig. 1C ). Previously, it was reported in murine DC that ligation of CD80/CD86 by CD28-Ig slightly up-regulated IL-23 and significantly increased IFN-␥ production (5) . However, we found that human Mo-DC did not produce either of the cytokines (Fig. 1C) . In considering what downstream pathway(s) might be involved, previous studies reported activation of PI3K upon CD86 activation in IgG1 production by murine B cells (21) . Based on this, we investigated the role of PI3K in CD80/CD86-induced DC IL-6 production by inhibiting PI3K activity with the small molecule inhibitor LY294002. We found that CD28-Ig markedly induced phosphorylation of p85, the regulatory subunit of PI3K which indicates PI3K activity, when compared with Mo-DC cultured in medium ( Fig. 1D, inset) . Whereas CD28-Ig significantly up-regulated DC IL-6 production compared with vehicle control or control IgG, inhibiting PI3K activity significantly inhibited this ( Fig. 1D) . Similarly, siRNA-mediated silencing of the p85 regulatory subunit of PI3K (90% knockdown by densitometry compared with scrambled siRNA, Fig. 1E , inset), significantly decreased DC IL-6 production ( Fig. 1E ). Of note, inhibiting PI3K activity did not affect the phenotype of Mo-DC ( Fig. 1F ) when compared with Mo-DC cultured in medium ( Fig. 1A) .
Mo-DC-induced T cell proliferation was reduced upon culturing Mo-DC with the PI3K inhibitor LY294002 or siRNA p85 ( Fig. 1G ). Although the decrease we observed was not significant, it showed a trend reflecting reduced T cell proliferation. To confirm that the effect we saw on IL-6 production was not limited to human Mo-DC, we cultured murine BMDC with LY294002 and/or murine CD28-Ig, and found the effect of blocking PI3K activity on IL-6 production in human DC was recapitulated ( Fig. 1H ).
Downstream of PI3K activation, phosphatidylinositol 1,4,5phosphate (PIP 3 ) produced by PI3K recruits AKT to the plasma membrane, where it is phosphorylated/activated by PDK1 (22) . As predicted, we found that blocking PI3K activity decreased AKT phosphorylation irrespective of the presence of CD28-Ig ( Fig. 1I ). As seen for LY294002, inhibiting AKT activation by the small molecule inhibitor AKT II caused significant downregulation of CD28-Ig-induced DC IL-6 production ( Fig. 1J ). siRNA-mediated silencing of AKT1 (95% knockdown, Fig. 1K , inset) also significantly reduced CD28-Ig-mediated induction of IL-6 in DC ( Fig. 1K ). Downstream of AKT activation, it has been previously reported that the transcriptional factor FOXO3A, which has been reported to regulate DC IL-6 production (12) , is directly phosphorylated by AKT (23) . Phosphorylated FOXO3A is shuttled out of the nucleus and retained in the cytoplasm, preventing it from repressing its transcriptional targets, including IL-6 (23). We found that whereas CD28-Ig increased phosphorylation of FOXO3A compared with control, blocking AKT activity completely inhibited this effect (Fig.  1L ), and blocking PI3K activity also reversed CD28-Ig-mediated phosphorylation of FOXO3A ( Fig. 1M ).
Involvement of FOXO3A and NF-B Downstream of PI3K/ AKT in IL-6 Production-It has been previously shown that CTLA4-Ig (a soluble fusion protein consisting of an IgG tail fused to the extracellular domain of CTLA4, a member of the CD28 superfamily that also binds CD80 and CD86) down-regulated TLR7-induced IL-6 production via up-regulation of nuclear FOXO3A, which in turn suppressed IL-6 transcription in murine DC (12) . To test if FOXO3A is important in CD28-Ig-induced IL-6 production via CD80/CD86 engagement, we used BMDC from FOXO3A ϩ/Ϫ or FOXO3A Ϫ/Ϫ mice that have 50 and 100% less FOXO3A mRNA expression versus WT ( Fig.  2A ), and we compared them with wild type DC for IL-6 induction. DC from FOXO3A ϩ/Ϫ and FOXO3A Ϫ/Ϫ mice produced significantly higher amounts of IL-6 compared with WT DC upon CD28-Ig addition ( Fig. 2B ), suggesting that FOXO3A was suppressing CD80/CD86-induced IL-6 production. However, BMDC from FOXO3A ϩ/Ϫ and FOXO3A Ϫ/Ϫ mice produced minimal IL-6 in the same 24-h period without CD28-Ig ( Fig.   2B ). This suggests that in the absence of CD80/CD86 activation, the reduction in FOXO3A expression, which would suppress its ability to negatively regulate IL-6 production, is not sufficient to induce DC IL-6 production and that another molecule downstream of AKT was positively inducing IL-6 production. This led us to examine whether other pathways downstream of AKT are up-regulating IL-6 expression. One pathway activated by AKT is NF-B (21, 23) , which also induces IL-6 production in murine DC (5) . Cross-linking CD80/CD86 by CD28-Ig induced NF-B signaling (as measured by electromobility gel shift assays), which was markedly decreased upon inhibiting PI3K or AKT activity (Fig. 2C, left panel) . Supershift assays for canonical NF-B signaling demonstrated increased p50 and p65 activity with CD28-Ig that was abrogated by inhibiting PI3K or AKT activity ( Fig. 2C, right panel) . The noncanonical NF-B signaling pathway was not activated, as evidenced by the lack of RELB induction by CD28-Ig when compared with the positive control (the myeloma cell line U266 treated with a CD28-activating mAb (16)) ( Fig. 2D ). Consistent with these findings, the NF-B inhibitor Bay-11-7082 significantly reduced CD28-Ig-mediated up-regulation of DC IL-6 production ( Fig. 2E ). Collectively, our data suggest that the CD80/CD86 3 PI3K 3 p-AKT 3 p-FOXO3A pathway de-represses the negative regulation of IL-6 production by FOXO3A, whereas the CD80/CD86 3 PI3K 3 p-AKT 3 NF-B pathway positively induces IL-6 expression and that both are necessary for the maximal IL-6 response.
Cross-talk between NOTCH and CD80/CD86 Signaling in DC IL-6 Production-In addition to playing a critical role in T cell activation, IL-6 produced by DC is an important stromal factor for plasma cell and multiple myeloma growth/survival (13, 14, 24) . We have previously reported that the CD28-expressing normal PC and MM cells induced DC IL-6 production in a CD80/CD86-dependent manner (15, 16) . Paralleling these observations, it has been reported that JAGGED2 on MM cells induced IL-6 in NOTCH1-expressing stromal cells (17), and we have found that MM induced DC IL-6 production in a NOTCH-dependent fashion (16) .
Upon ligation of NOTCH receptors by one of its ligands (belonging to the JAGGED or Delta-like family) a conformational change is induced in the receptor negative regulatory region (NRR) that enables the first stage cleavage by a disintegrin and metalloprotease (ADAM) proteases. This is followed by a second stage cleavage of the receptor's cytoplasmic region by ␥-secretase, which releases the NICD to translocate to the nucleus where it transcribes its target genes, including HES-1 (25, 26) . We have found that human Mo-DC coexpress NOTCH1 and JAGGED2 (Fig. 3A) , and these DC exhibit constitutive NOTCH signaling as evidenced by expression of NICD (Fig. 3B ). To investigate if NOTCH signaling induces IL-6 independent of CD28-Ig-triggered CD80/CD86 signaling, we first cultured DC with soluble JAGGED2 (sJAG2) and found no further increase in NICD expression, in contrast to the effect of sJAG2 on activating NOTCH1 in the positive control macrophage cell line RAW (Fig. 3B) (27) . Consistent with this, sJAG2 induced no more IL-6 than DC cultured alone, in contrast to a significant induction by CD28-Ig (Fig. 3C ). This suggests that in DC, NOTCH signaling does not independently induce IL-6. To investigate if there was an interaction between NOTCH and CD80/CD86 signaling, we blocked NOTCH signaling using the ␥-secretase inhibitor DAPT. Although CD28-Ig significantly up-regulated DC IL-6 production, blocking NOTCH signaling (as demonstrated by a decrease in the NOTCH target gene HES-1 (see Fig. 4C )) significantly inhibited this effect (Fig. 3D) . Importantly, DAPT treatment did not cause significant alterations in Mo-DC as evidenced by the phenotype (Fig. 3E , compared with Mo-DC cultured in medium, Fig. 1A) . Because DAPT is a pan-NOTCH inhibitor, we investigated the specific role for NOTCH1 by using an anti-NRR1 antibody that specifically blocks NOTCH1 signaling by binding to the NRR region and inhibiting cleavage by ADAM proteases (28) , and we found that the anti-NRR1 mAb also significantly inhibited CD28-Igmediated IL-6 induction (Fig. 3F ). Because both DAPT and anti-NRR1 antibody prevents NOTCH1 cleavage but does not block NOTCH1 binding to JAGGED2, these data also suggest that potential signaling through JAGGED2 (or other NOTCH1 ligands) is not involved. Similarly, siRNA-mediated silencing of NOTCH1 (95% knockdown of NOTCH1 signaling as measured by NICD, Fig. 3G , inset) significantly reduced CD28-Ig-mediated IL-6 production by DC ( Fig. 3G ). Furthermore, siRNA knockdown of JAGGED2 expression (85% knockdown of JAGGED2, Fig. 3H , inset) completely abrogated CD28-Ig-induced IL-6 production ( Fig. 3H) . To eliminate the possibility that these findings were limited to human DC, we inhibited NOTCH signaling using DAPT in murine BMDC and found that CD28-Ig-mediated up-regulation of IL-6 production was significantly abrogated (Fig. 3I) . These data indicate that NOTCH1 and JAGGED2 play a key role in regulating CD80/ CD86-induced DC IL-6 production and also suggest that other NOTCH receptor and ligand family members are not involved.
Because the above experiments were performed using a homogeneous population of DC, we investigated if NOTCH signaling is necessary for CD80/CD86-mediated DC IL-6 pro-duction in the more biologically relevant interaction between DC and T cells. CD28 ϩ Jurkat human T cells also express NOTCH1 and JAGGED2, similar to Mo-DC ( Fig. 3J ). DC or Jurkat cultured alone in medium only produce basal amounts of IL-6 ( Fig. 3K ). Coculturing DC with Jurkat significantly induced IL-6 production, which was significantly reduced upon siRNA-mediated silencing of JAGGED2 (80% reduction, Fig.  3K, inset) in Jurkat or NOTCH1 in DC (90% reduction in NICD expression). Silencing both NOTCH1 on DC and JAGGED2 on T cells did not further reduce IL-6 production ( Fig. 3K) , suggesting that they are not interacting with other NOTCH receptors and ligands in the induction of IL-6. Similar to our previous observations in myeloma-DC cocultures, blocking NOTCH signaling in DC with DAPT significantly reduced Jurkat-induced IL-6 production ( Fig. 3K ). Taken together, our data suggest that DC production of IL-6 upon cross-linking CD80/ CD86 during DC:T cell engagement is dependent upon NOTCH signaling.
Ligation of CD80/CD86 Does Not Affect NOTCH Signaling-To examine the mechanism of cross-talk between NOTCH signaling and CD80/CD86 signaling, we first examined the effect of inhibiting NOTCH signaling on DC CD80 and CD86 expression, and we found no marked effects (Fig. 4A ). Alternatively, it is possible that CD80/CD86 signaling is modulating NOTCH1 or JAGGED2 expression. However, CD28-Ig treatment had no major effect in DC NOTCH1 or JAGGED2 expression ( Fig. 4B ). Furthermore, CD28-Ig treatment had no effect on constitutive NOTCH signaling as measured by expression of the NOTCH1 target gene HES-1 expression ( Fig. 4C ). However, inhibiting NOTCH signaling with DAPT decreased HES-1 expression irrespective of the presence of CD28-Ig, suggesting the lack of any direct effect of CD80/CD86 activation on NOTCH1 signaling in DC (Fig. 4C) .
Cross-talk between NOTCH and CD80/CD86 Signaling Involves the PI3K-AKT-FOXO3A Pathway-Because of the absence of any effect on surface receptor expression or NOTCH signaling, we examined whether cross-talk between the two pathways involved molecules downstream of CD80/ CD86 activation. We first evaluated if NOTCH signaling regulated CD80/CD86-induced PI3K signaling by inhibiting NOTCH signaling with DAPT. Although CD28-Ig up-regulated phosphorylation of AKT and FOXO3A, DAPT reversed this effect (Fig. 5A) . Interestingly, DAPT alone inhibited basal AKT phosphorylation, suggesting there is cross-talk between NOTCH and PI3K signaling even in the absence of CD80/CD86 activation. We also found that DAPT down-regulated basal NF-B (the second downstream target of AKT) activation (Fig.  5B, left) . Although CD80/CD86 ligation up-regulated NF-B activation, DAPT abrogated CD28-Ig-mediated induction of canonical NF-B signaling (Fig. 5B, right) . These data indicate NOTCH Signaling Modulates PI3K/AKT Activity by Regulating Casein Kinase II Activity-We next examined the mechanism by which NOTCH signaling might regulate the PI3K pathway. PTEN sequesters the PI3K substrate PIP 3 and inhibits PI3K activity. PTEN phosphorylation prevents it from binding to PIP 3 and allows for full PI3K activity (29) . We initially hypothesized that NOTCH signaling down-regulated PTEN expression through HES-1-mediated inhibition of PTEN transcription, as reported previously in leukemic T cells (30) . However, there was no change in total PTEN levels with DAPT treatment under any condition (Fig. 6A ). However, compared with untreated DC, DAPT treatment with or without CD28-Ig decreased PTEN phosphorylation (which inactivates PTEN). CD28-Ig alone did not affect PTEN phosphorylation, suggesting that this was independent of CD80/CD86 signaling. Taken together, these data suggest that NOTCH signaling induces the phosphorylation/inactivation of PTEN, which permits full PI3K activity upon CD80/CD86 activation with subsequent induction of IL-6 production.
Candidate molecules regulating PTEN phosphorylation in DC include casein kinase II (CK II), as it plays a predominant role in phosphorylating/inactivating PTEN in a number of other systems (31, 32) . Consistent with this, inhibiting CK II activity (see Fig. 6G ) with the chemical inhibitor CK II-IV decreased PTEN phosphorylation versus untreated DC (Fig.  6B ). As seen in Fig. 6A , CD28-Ig alone had no effect on PTEN phosphorylation and also did not affect CK II-mediated inhibition of PTEN phosphorylation (Fig. 6B ). However, CD28-Iginduced up-regulation of IL-6 was completely abrogated by inhibiting CK II activity (Fig. 6C) .
To investigate how NOTCH signaling might be regulating CK II, we first examined the effect of inhibiting NOTCH signaling on CK II expression, and we found that CK II mRNA as assessed by RT-PCR ( Fig. 6D ), quantitative-PCR ( Fig. 6E ), or protein as analyzed by Western blots (Fig. 6F ) remained unchanged. However, DC treated with DAPT exhibit a significantly lower CK II enzymatic activity versus DC treated with vehicle control (Fig. 6G) . Unexpectedly, given our findings that CD28-Ig does not affect the (in)activation of PTEN, CD28-Ig significantly up-regulated CK II activity. However, DAPT completely blocked CD28-Ig-mediated up-regulation of CK II activity to levels similar to the CK II inhibitor (Fig. 6G ). This suggests that although CD80/CD86-mediated signaling can upregulate CK II activity (and thus may sustain PI3K signaling), the initiation of CD80/CD86 signaling cannot occur without a prior NOTCH1-mediated alleviation of the signaling blockade by PTEN.
NOTCH1 Target Gene PIN1 Regulates Casein Kinase II Enzyme Activity-To elucidate how NOTCH1 up-regulates CK II activity, we investigated the role of the prolyl isomerase PIN1. PIN1 has been previously reported to be a NOTCH1 gene target and up-regulates CK II activity in human breast cancer cells, but it has not been studied in DC (33) . First, we tested if PIN1 is a target of NOTCH1 in human DC and found that siRNAmediated inhibition of NOTCH1 signaling (95% knockdown of NICD, Fig. 7A ) markedly reduced PIN1 mRNA compared with scramble siRNA control (Fig. 7B ). This observation was reflected in PIN1 protein levels as well (Fig. 7C) . We next examined if PIN1 is involved in CD28-Ig-mediated production of DC IL-6, and we found that siRNA-mediated silencing of PIN1 (90% knockdown of PIN1, Fig. 7D , inset) significantly reduced IL-6 production by DC compared with the scrambled siRNA control (Fig. 7D ). This was consistent with a significant reduction in CK II activity upon silencing PIN1 (Fig. 7E ). Altogether, these data suggest that NOTCH1 signaling induces transcription of PIN1, which in turn up-regulates casein kinase II activity.
IDO Production by DC upon Cross-linking CD80/CD86-Although engagement of CD80/CD86 by CD28-Ig induces IL-6 in murine DC, CTLA4-Ig induces IDO, an enzyme that catabolizes tryptophan to L-kynurenine and blocks T cell activation (8) . This raised the previously unexplored question of whether the pathways downstream of CD80/CD86 that are inducing DC IL-6 production are also inducing IDO production in human DC. We found that CTLA4-Ig induced IDO protein in Mo-DC, at a later time point (24 h) than seen for IL-6 (4 h), and that maximal expression occurs in combination with IFN-␥ treatment ( Fig. 8A) . Cross-linking CD80/CD86 by CTLA4-Ig, anti-CD80, or anti-CD86 mAb also significantly increases IDO activity (as measured by production of the L-kynurenine metabolite) at 48 h in the presence of IFN-␥ (Fig. 8B) . We next examined if CTLA4-Ig-mediated IDO production is dependent upon the downstream PI3K/AKT pathway. CTLA4-Ig increased IDO activity, which was significantly inhibited by blocking PI3K signaling with LY294002 ( Fig. 8C ). As predicted, inhibition of the activity of the downstream targets of PI3K, AKT (Fig. 8D) , and NF-B (Fig. 8E ) also significantly decreased CTLA4-Ig-induced IDO activity. Similar to IL-6 production, we found that inhib- iting NOTCH signaling with DAPT or the anti-NRR1 blocking antibody significantly decreased CD80/CD86-induced IDO activity (Fig. 8F) . The cross-talk between NOTCH and CD80/ CD86 signaling in DC IDO production also involves CK II, as CK II inhibition significantly decreased CTLA4-Ig-induced IDO activity (Fig. 8G ). Interestingly, we found that cross-linking CD80/CD86 with CD28-Ig also induces active IDO in the presence of IFN-␥ ( Fig. 8H ) and that CTLA4-Ig can also induce DC IL-6 production ( Fig. 8I) , which is in contrast to what has been reported in murine DC (5, 8) . These data suggest that DC IDO production is dependent on the PI3K signaling pathway downstream of CD80/CD86, which cross-talks with NOTCH signaling. Additionally, regardless of its binding partner, CD80/ CD86 can induce both IL-6 and IDO in Mo-DC.
DISCUSSION
Antigen-specific activation of T cells is critically dependent upon the costimulatory signals provided by DC involving the CD28-CD80/CD86 interaction. T cell activation is regulated not only by the T cell-intrinsic signals provided by CD28 but also by cytokines such as IL-6 produced by DC upon CD80 and CD86 activation (6, 7, 34) . In the B cell lineage, we have previ-ously demonstrated that these same molecular interactions between PC and DC induce DC IL-6 production, which enhances normal PC immunoglobulin production and malignant PC survival (15, 16) . However, a thorough understanding of the molecular pathways involved in CD80/CD86-induced DC IL-6 production is lacking. To decipher signaling downstream of CD80/CD86, we used CD28-Ig, which binds both the ligands specifically and induces DC IL-6 production (5, 20) . IL-6 induced by anti-CD80 and anti-CD86 antibodies in DC was comparable with the effect of CD28-Ig, which supports the conclusion that CD28-Ig is functioning by activating CD80/ CD86 and argues against off-target effects. We also found that engagement of either CD80 or CD86 was sufficient to induce human DC IL-6 production, which is in contrast to findings by us (15) and others (5) in murine DC that both CD80 and CD86 are essential. However, our findings are consistent with other reports that describe the redundancy of CD80 and CD86 in human DC production of IDO (10) . Why there is a difference between murine and human CD80 and CD86 is not known, but alignment of the human versus murine protein sequence shows that CD80 is homologous across species but CD86 is not. 4 We have also found by in silico analysis that the murine and human CD80/CD86 cytoplasmic tails contain potential binding motifs for different kinases (data not shown), suggesting that they may be distinctly phosphorylated and initiate different signaling pathways upon activation. This is consistent with our observation that although PI3K plays a dominant role in human DC IL-6 production (blocking PI3K activity completely abrogates IL-6 production), in murine DC blocking PI3K activity results in significant yet incomplete down-regulation of IL-6 production, suggesting that a second pathway involving p38 MAPK (activated by MAPK kinases) activation may be regulating IL-6 production in murine DC (5) .
The most proximal signaling molecules that activate PI3K downstream of CD80/CD86 activation in human DC are currently unknown. In B cells, it has been reported that CD86 engagement activates the membrane adaptor proteins prohibitins (PHB) (11) . Although PHB interacts with PIP 3 (36) and AKT (37) , it is unknown if PHB interacts with PI3K. Because PHB are expressed by Mo-DC (38) and they up-regulate NF-B signaling upon CD86 engagement in B cells (11) (similar to our findings reported here), we speculate that PHB may play a role in PI3K activation in DC. Downstream of this, we have found that PI3K activates AKT with subsequent phosphorylation of FOXO3A preventing it from suppressing IL-6 transcription. Simultaneously, activation of NF-B by AKT induces DC IL-6 production. A, Western blots were performed to detect NICD and actin using cell lysates from DC transfected with scramble siRNA or NOTCH1 siRNA. B, RT-PCR was performed to detect PIN1 and actin mRNA using RNA extracted from DC transfected with scramble siRNA or NOTCH1 siRNA. C, Western blots were performed to detect PIN1 and actin using cell lysates from DC transfected with scramble siRNA or NOTCH1 siRNA. D, Western blots were performed to detect PIN1 and actin using cell lysates from DC transfected with scramble siRNA or PIN1 siRNA (inset). ELISA for IL-6 from cell supernatants of Mo-DC cultured alone, with scramble siRNA, or PIN1 siRNA ϩ/Ϫ CD28-Ig. E, Mo-DC were cultured alone, with scramble siRNA, or PIN1 siRNA ϩ/Ϫ addition of CD28-Ig. Cell lysates were analyzed for enzyme activity assay for CK II. Results shown are representative of three experiments. ns, not significant; **, p Ͻ 0.01. FIGURE 8. A, Western blots were performed to detect IDO and actin using cell lysates from Mo-DC cultured with IFN-␥ ϩ/Ϫ CTLA4-Ig for 18, 24, or 48 h. B, Mo-DC were cultured with IFN-␥ followed by addition of CTLA4-Ig, anti-CD80, or anti-CD86. Cell culture supernatants were assayed for L-kynurenine levels to estimate IDO activity. Mo-DC cultured with IFN-␥ and treated with the PI3K inhibitor LY294002 (C), AKT inhibitor AKT II (D), NF-B inhibitor Bay-11-7062 (E), NOTCH signaling inhibitor DAPT or anti-NRR1 blocking antibody (F), or CK II inhibitor CK II-IV ϩ/Ϫ CTLA4-Ig (G). Cell culture supernatants were assayed for L-kynurenine levels to estimate IDO activity. Mo-DC were cultured with or without IFN-␥ followed by addition of CTLA4-Ig or CD28-Ig. Cell culture supernatants were used to assay L-kynurenine levels to estimate IDO activity (H) or perform ELISA for IL-6 (I).
In addition to IL-6 production, CD80/CD86 activation by CTLA4-Ig induces production of immunosuppressive tryptophan catabolizing IDO (8) . The literature is inconclusive whether CD80/CD86-induced IDO induction utilizes the same signaling pathways as CD80/CD86-induced IL-6 production. In CD8␣ ϩ splenic DC from nonobese diabetic mice, CD80/ CD86 engagement by CTLA4-Ig down-regulated PI3K signaling by increasing PTEN expression, which enhanced FOXO3Amediated production of IDO (39) . How CTLA4-Ig up-regulates PTEN expression was not determined, however. One possibility is that CD80/CD86 ligation induces IFN-␥ (39), which produces nitric oxide (NO) in murine DC (40) . Nonobese diabetic mice express high amounts of nitric oxide (NO) (41) that transcribes p53 (42) and EGR-1 (43) . Separately, it has been reported that p53 and EGR-1 induce PTEN transcription (44, 45) . Although these data have not been reported in DC, they suggest a potential role for CD80/CD86-induced NO in PTEN up-regulation in nonobese diabetic mice. However, in DC under homeostatic conditions, NO is nearly absent (46) , suggesting that direct regulation of PTEN expression by activated CD80/CD86 via NO may be lacking.
Instead, we have found in human DC that PI3K signaling downstream of CD80/CD86 activation is being modulated by NOTCH1 regulation of PTEN. Although total PTEN expression is unaffected, PTEN is phosphorylated/inactivated by NOTCH1 signaling (initiated upon ligation of DC NOTCH1 by JAGGED2 expressed on a neighboring DC), which up-regulates PIN1 expression resulting in increased CK II activity. This allows for full PI3K activation downstream of CD80/CD86 ligation (summarized in Fig. 9 ). NOTCH1 has been reported to regulate PI3K signaling, but the mechanisms are distinct in various cell types. In activated T cells, NOTCH1 forms a complex with p56lck and PI3K that activates downstream AKT signaling (47) . DC, however, do not express p56 lck (48) , and such a molec-ular interaction seems unlikely in our system. In T cell acute lymphoblastic leukemia, activating mutations of NOTCH1 upregulate HES-1 expression that subsequently inhibits PTEN expression (30) . PTEN phosphorylation by CK II was also previously reported in primary T cell acute lymphoblastic leukemia (49); however, this was independent of NOTCH signaling. In pancreatic cancer cells, RhoA/ROCK1 activation downstream of NOTCH signaling results in PTEN phosphorylation (50) , but it is not known whether CK II is also involved or whether this pathway also occurs in nontransformed cells. Here, in human DC we propose that NOTCH1 3 PIN1 3 CK II 3 phospho-PTEN allows for very rapid signaling cross-talk with the PI3K pathway, which may be essential to initiate the very early events required for DC-mediated activation of T cells.
Consistent with this idea, we found that DC IL-6 and IDO production (which is dependent upon the same signaling pathways downstream of CD80/CD86 ligation in the presence of IFN-␥) is temporally regulated. CD80/CD86-induced IL-6 production occurs early (4 h), although IDO production/activation occurs late (24 h) . This suggests that CD80/CD86 activation initially induces DC IL-6 production to promote T cell activation, but the same pathway later induces IDO production (in conjunction with evidence of a successfully activated T cell, namely IFN-␥ production) to self-limit this activation.
Because the DC in our study have constitutive NOTCH signaling that is not inducibly regulated, this raises the question of the relevance of NOTCH in modulating physiological CD80/ CD86 signaling. However, NOTCH1-CD80/CD86 cross-talk may be particularly relevant in vivo, where unlike in our in vitro experiments there is not a high density of DC interacting with one another to drive NOTCH1 signaling. One such setting as demonstrated by us is the T cell/DC interaction, where CD28 ϩ T cells expressing JAGGED2 engage NOTCH1 on CD80/ CD86 ϩ DC inducing IL-6 production. The second setting may be in the PC/MM-DC interaction, where CD28 ϩ PC/MM cells expressing JAGGED2 engage NOTCH1 on CD80/CD86 ϩ DC, inducing production of IL-6 to support PC/MM survival (16) . Intriguingly, our data also demonstrate that blocking NOTCH signaling inhibits basal AKT and FOXO3A phosphorylation, implying that NOTCH signaling can regulate the PI3K pathway independent of CD80/CD86 activation. In DC, such regulation of PI3K signaling by NOTCH may modulate PI3K-mediated regulation of DC maturation, antigen presenting capability, and blockade of DC IL-12 production (35, 51) . Thus, the modulation of PI3K signaling by NOTCH1, regardless of its initiating source, may be a general regulatory pathway for many different biological responses.
